To achieve the high adaptive optics sky coverage necessary to allow the GMT Integral-Field Spectrograph to access key scientific targets, the on-instrument adaptive-optics wavefront-sensing system must patrol the full 180 arcsecond diameter guide field passed to the instrument. Starlight must be held stationary on the wavefront sensor (accounting for flexure, differential refraction and non-sidereal tracking rates) to ∼ 1 milliarcsecond to provide the stable position reference signal for deep AO observations and avoid introducing image blur. Hence a tight tolerance of 1/180,000 is placed on the positioning and encoding accuracy for the cryogenic On-Instrument Wave-Front Sensor feed. GMTIFS will achieve this requirement using a beam-steering mirror system as an optical relay for starlight from across the accessible guide field. The system avoids hysteresis and backlash by eliminating friction and avoiding gearing while maintaining high setting speed and accuracy with a precision feedback loop. Here we present the design of the relay system and the technical solution deployed to meet the challenging specifications for drive rate, accuracy and positional encoding of the beam-steering system.
INTRODUCTION
The Giant Magellan Telescope Integral Field Spectrograph and Imager, GMTIFS, is scheduled to see first light at the GMT along side adaptive-optics commissioning in 2022. The instrument couples to the folded F/8 Gregorian focus of the GMT and provides a 20" × 20" field-of-view diffraction-limited broad-band imager and rectangular integral-field spectrograph with four interchangeable scales to sample both the diffraction limit (6 & 12 mas spaxels) and provide high sensitivity to low surface brightness extended sources (25 & 50 mas spaxels). The instrument concept entered into the Preliminary Design Phase in September 2013 at the Australian National University (ANU) and builds on the combined heritage of the Gemini Near-IR Integral-Field Spectrograph 1, 2 and Gemini South Adaptive Optics Imager 3, 4 systems delivered by the design team for the current generation of flagship AO systems.
The GMTIFS instrument consists of a large cryostat housing a three layered optical table (figure 1). Light enters the cryostat at the central layer through a tilted dichroichoic window and optical compensating plate and comes to focus at the science pick-off mirror, which fold out the science field and passes the guide field to the On-Instrument Wavefront Sensor (OIWFS). The lower level houses the optical relay containing the cold-stop and atmospheric dispersion corrector as well as the Imager optics and associated science selector dichroic suite which defines the observational wavelength passed to the spectrograph or imager. The upper layer supports the integral-field spectrograph and the on-instrument wavefront sensor. By virtue of a light weight but stiff construction, all optical components are supported from this common optical table, minimising internal flexure and limiting differential motion between the telescope and the science detectors to that of the elastic flexure of the optical table support inside the cryostat under varying gravitational load. This flexure will be compensated to first order by a detailed pointing model. The central layer of the optical table, the cavity formed within the tables cross-braced structure, houses the mechanism responsible for acquiring a guide star and passing it to the OIWFS. The concept and design criteria for this system forms the body of this presentation, but first we consider the operational and scientific requirements placed on such a system. Figure 1 . The GMTIFS opto-mechanical structure is supported from a three layer optical table. The central layer (left) contains the science pick off mirror at the telescope focus and passes the surrounding guide field to a beam steering mirror. The lower layer (centre) houses the optical relay for the cold stop and ADC as well as the Imager and the IFS anamorphic projection optics. The upper layer (right) holds the IFS image slicer, grating turret and spectrograph camera. The unassigned space on this layer will contain the on-instrument wavefront sensor.
GMTIFS AO feed
The science field is fed to GMTIFS from the Adaptive Secondary Mirror (ASM) with AO correction derived from either the on-axis Natural Guide Star AO (NGSAO 5 ) or the off-axis Laser Tomography Adaptive Optics (LTAO 6 ) system. * Wavefront correction in NGSAO is derived by an optical system mounted externally to the GMTIFS cryostat along with the laser wavefront sensor constellation required of LTAO. Both systems require an On-Instrument Wave Front Sensor (OIWFS), coupled tightly to the spectrograph optical table within the cryostat. When performing NGSAO observations a slow differential flexure compensation is required, while in LTAO mode the OIWFS provides the essential fast tip-tilt correction (not sensed by the laser system) along with truth and focus calibrations.
Scientific objectives
To determine the key scientific requirements for GMTIFS, the system completed a Science Requirements Review in April 2014 building on a consensus reached via community science workshops held in 2013. Flagship science cases were identified and the detailed scientific requirements from this representative sample of early GMT/GMTIFS science programs were captured. These cases, which drive the limiting requirements for the system, include:
First light galaxies and reionisation of the Universe -These science areas required high sky coverage so that key sources identified at very high redshifts are observable. Gamma-ray burst observations are also an important part of this field and require prompt observation mechanisms. Galaxy kinematic and chemical evolution -Sensitivity to low surface brightness structures at the ∼100 mas scale is key to advancing observations of individual galaxies across the key epoch of star formation. Galaxy morphology -Imaging resolution, higher than that possible with the JSW T is required to complement space based surveys in this field. Exoplanet detection -Angular Differential Imaging will allow GMT/GMTIFS to develop exoplanet studies in the era before dedicated planet finding instruments are deployed on ELTs. ADI tracking disables the instrument derotator and hence the guide star must be tracked by the OIWFS feed. Black hole mass measurement -Exquisite image quality at the finest scales, along with accurate astrometry and spectrophotometry will allow measurements of nuclear black-holes at the most and least massive extremes of the distribution.
Sky coverage and guide star acquisition
The current generation of astronomical AO systems, deployed largely on 8 m class telescopes, have suffered to some degree due to poor sky coverage. The need for a bright stellar source close to the science target restricts telescope pointing and prevents many key science targets from benefiting from AO observations, particularly in important legacy deep fields (selected in part for their low stellar density). Sky coverage is significantly increased with the introduction of laser guide stars, which in essence place an artificial star onto the science target. However laser beacons provide only high order correction, and are insensitive to tip-tilt (due to the double-pass of the laser light through the atmospheric turbulence. A key concern in developing the GMTIFS system has been to ensure sufficient access to stars bright enough to perform this correction. Sky coverage is dictated not only by the limiting sensitivity of the wavefront sensing system (setting the faintest photon return, and hence star magnitude, which allows sufficient sensing speed) but also the field of view surrounding a given science target from which suitable stars can be drawn. While angular isoplanatism degrades AO performance with increasing angular separation between science target and AO guide stars, simulations show excellent correction can be achieved for guides stars at a radius of < 90", and hence the GMTIFS design allows the OIWFS access to stars drawn from across the 180" diameter field of view of the uncorrected Gregorian focal plane of GMT. This sensitivity and field of view will allow GMT/GMTIFS to deliver > 90% sky coverage for low surface brightness LTAO mode with modest Strehl ratio (> 0.3) and also to deliver exquisite image quality for a smaller fraction of the sky (> 30%) with ideal guide stars.
The F/8 focal plane of the GMT delivers a plate scale of ∼1 arcsec mm −1 and hence the pick-off system for OIWFS guide star selection must access a field 180 mm in diameter in order to access the full available guide field. The requirement to deliver diffraction limited image quality over exposure times of 900 -1800 seconds duration dictates that the star pick-off be held on the OIWFS with a positional accuracy of 1 µm in the focal plane. Field derotation is principally provided to GMTIFS by the GMT Gregorian Instrument Rotator. However, for Angular Differential Imaging observations and other none-sidereal tracking rates the OIWFS feed must perform the differential tracking. Furthermore, since the guide field is not corrected for differential refraction or dispersion in the proposed OIWFS design this correction must be performed by the OIWFS feed. When sufficiently large it is beyond the dynamic range of component wavefront sensors to correct in software.
This degree of stability was considered challenging for a deployable pick-off arm system. Instead the GMTIFS has elected to direct the guide star onto the OIWFS via a Beam Steering Mirror (BSM) located behind the focal plane, with the 20"×20" science field redirected by a science fold in the centre of the guide field at the telescope focal plane. A concentric beam steering mirror system provides the required performance which a simple, compact and rigid structure with the mirror body tipped and tilted about its own centroid.
Spatial v spectral split
GMTIFS implements a spatial split between the science field and the guide field, with the central 20"×20" passed to the science instrument and the remaining 180" diameter guide field passed to the beam steering mirror. This implementation is adopted for a number of reasons. GMTIFS accesses the full near-IR spectrum between the atmospheric absorption bands, (1-2.5 µm, the astronomical Z, J, H and K-bands). The OIWFS requires access to the same wavelength range due to:
• The sensitivity benefit gained from even modest AO correction of the guide star. This is only practical at near-IR wavelengths for the intermediate brightness star necessary for high sky coverage.
• GMTIFS will work with both the NGSAO and LTAO systems, requiring that much of the optical spectrum of any guide star be directed to the NGSAO sensor and that the sodium laser return signal is passed to the laser WFS array. Hence the front window of the GMTIFS cryostat requires a long-pass dichroic coating which prevents light at wavelengths shorter than ∼ 1 µm entering the instrument.
• A purely wavelength split between science and guide signals would require a suite of dichrocis within the cryostat in order that the out of band light not directed to the science field could be passed to the OIWFS. This would also prevent simultaneous Imager/IFS observations which is intended for acquisition.
• Multiple tasks must be accomplished with the near-IR guide star light for LTAO observations and hence sensitivity is enhanced by using the full near-IR wavelength range within the OIWFS.
POSITIONAL REQUIREMENTS
The guide star must be steered to the OIWFS such that it does not degrade the AO corrected PSF due to tip-tilt motion introduced by the beam steering system. This is taken to mean 10% of the Rayleigh-criterion. For λ = 1 µm and a focal ratio of F = 8, this becomes a positional tolerance of δh = 1 10 1.22λF = 1 µm
With the focal plane and BSM separated by l = 1520 mm this becomes an angular tip-tilt resolution of
For a three-strut mount with a pitch of r = 100 mm (retaining a compact design with sufficient mechanical clearances) and assuming this error is the quadrature sum of the mount strut individual positional errors, we find the precision required in positioning each strut actuator is
The maximum displacement, at the extreme edge of the 180 mm diameter guide field, is h = 90 mm, hence the maximum steering angle is
leading to a maximum actuator travel (for pitch of r = 100 mm) of
Hence the resolution of the system, with an angular range of 2θ = 0.060 rad, requires a dynamic range of 2θ/δθ = 182400 (6) In addition to guide star acquisition, the OIWFS system will also be required to map out on-source dither patterns for high precision observations. Many principle science targets will provide insufficient signal in individual observation frames for accurate registration of data during post processing and data will require combination from multiple such observations, potentially spread across multiple visits to the source. Recording the high precision relative offsets for the dither pattern observation allows accurate registration preventing image blurring.
BEAM STEERING MIRROR
A preliminary design, developed for the conceptual design review, employed a hexapod mount incorporating rollscrew actuators to avoid sliding joints. While this minimised friction and hence hysteresis, the rolling joints do not completely eliminate these effects, and the design has been updated as a result. The adopted concept employs a counter weighted mirror assembly with a three point trunnion mount (figures 2 & 3) . Peizoelectric actuators provide the required speed and precision when deployed within a servo loop instrumented with high precision relative encoding from interferometer sensors referenced to absolute encoding from eddy current sensors. The piezoelectric drives are coupled to the mirror via slender flexure struts which provide the essential axial stiffness to the mirror support while a diaphragm flexure provides the necessary lateral stiffness. Finite element analysis of the BSM support system indicates significant deflection of the support struts due to the weight of the payload (mirror and counter weight), in the order of 0.4 µm. This exceeds the δz = 28 nm steering accuracy required. However, the distortion is elastic and will be absorbed into the BSM pointing model. 
Piezoelectric linear actuators
The linear motion of the three positional struts are provided by PI N-216 Nexline piezo linear actuators (PI N-216.20). While these devices are rated for cryogenic operations (70-80 K for GMTIFS) reduced performance is expected. Past studies indicate a 35%-40% reduction in displacement with a similar reduction in maximum speed. Performance reduction to this level remains consistent with the BSM requirements. However, the performance will be confirmed with a full scale prototype of the final system under construction. This preflight prototype will be used for derivation of the appropriate baseline pointing model in advance of full integration with the instrument. The actuators are equipped with integrated encoding, but it is not envisaged that this will operate with sufficient accuracy at the cryogenic operating temperature, and an external encoding system is required. The drive actuators require high voltage drive signals at high frequencies (−30 V to +135 V at signal rates of 500 Hz) leading to significant risk of induced noise in the low level signals generated by the near-IR science detector arrays. This risk will be retired with extensive pre-integration testing of the actuator system alongside the science array under operational conditions to ensure optimal shielding.
Absolute encoding via eddy current sensors
Absolute position encoding will be performed with a 3-axis differential sensor system, consisting of three pairs of Kaman DIT-5200-16U Eddy current sensors. Two orthogonal differential pairs of sensors track tip-tilt, while a third pair tracks piston, with one sensor referenced to the mirror body and the other to the mounting assembly. The required head diameter for the sensors increases with range to target. The target surface, in this instance the aluminium mirror body itself, must be flat and unobstructed over a diameter that is ×2.5 the head diameter. These constraints are easily accommodated with the sensors selected and are fully consistent with the required range of mirror motion. The sensors are UHV and cryo-rated.
The stringent positioning tolerance of the BSM under operational conditions (28 nm position accuracy) is at the limit of specification for the chosen sensors and hence the final accuracy of the system may not be achieved with the eddy current system alone. For this reason a secondary high precision relative position sensor array, will be employed to ensure compliance. Both systems are being prototyped as part of development of the piezoelectric actuator verification test plan.
Relative displacement encoding via Interferometric sensors
High precision (sub-nm) relative encoding will be provided by three Attocube FPS3010 3-channel interferometric displacement sensors. These sensors provide no absolute position data, this being derived from the eddy current sensor system, but ensure the system reaches the required relative displacement accuracy. Tracking speeds of ≤ 1 m s −1 are achievable and they also provide the ideal sensor system with which to calibrate the performance of the piezoelectric actuator system under operational conditions during prototyping.
Mirror tilt is limited by the allowed separation between the return beam and the receiving aperture of the interferometer sensor. This limits the maximum design separation between the sensor and target. The displacement range required for the mirror is 6 mm for a 100 mm pitch diameter, consistent with the maximum separation allowed by the devices. Consequently the interferometric sensors are mounted on a reduced pitch and as close as possible to the target area on the mirror back surface. The relative precision of the sensor system comfortably exceeds that required.
CONCLUSIONS
The GMTIFS beam steering mirror concept provides an elegant design solution capable of meeting the stringent positioning accuracies demanded by adaptive optics observations on the Giant Magellan Telescope. Allowing access to the full available guide field from which to draw guide stars will ensure GMT/GMTIFS provides high sky coverage for observations of key science targets. Precision control of the beam steering system will ensure high precision relative offsetting can be performed allowing accurate image registration in post processing.
